Abstract-For a controlled-source electromagnetic (CSEM) survey in a shallow water environment, the presence of the sea surface significantly hinders the interpretation of the measured data. The electromagnetic (EM) wavefields are disturbed by the sea surface. The removal of the sea-surface related wave phenomena from the data is an important step in order to robustly interpret the collected data. We propose a processing method by which the sea-surface related multiples would be removed, while a priori knowledge of the EM source wavelet becomes superfluous. The governing equations are obtained from an appropriate application of the EM reciprocity theorem that relates on one side the EM fields in the actual measurement configuration including the sea surface and on the other side the EM fields in a desired source configuration and in the absence of the sea surface, where the water layer is extended to infinity.
INTRODUCTION
In a controlled-source EM (CSEM) survey [1] , it is necessary to interpret the measurements in such a way that a prediction of the presence of hydrocarbons in the sedimentary layers can be made. However, in a shallow water environment, the presence of the sea surface hinders this interpretation. Electromagnetic wavefields are partly reflected and partly transmitted by the sea surface. This means that the source signal is contaminated by its so-called source ghost signal and that the received signals are contaminated by the so-called receiver ghost. Further the receiver ghost can be considered as secondary source signals that are transmitted in the earth. Hence, removal of all these sea surface related electromagnetic wavefields from the data is a prerequisite step before actual interpretation of the data can take place. In this paper we show that an appropriate use of the electromagnetic reciprocity theorem leads to the mathematical equations for a consistent removal of sea-surface related wavefields.
The actual EM wavefield is denoted as {Ê(x),Ĥ(x)} in the frequency domain (with frequency parameter s = jω). The position in space is denoted as x = {x 1 , x 2 , x 3 }. The coordinates x 1 and x 2 denote the horizontal directions, while x 3 denotes the vertical direction pointing into the earth. The wavefield is generated by an electromagnetic source in the sea at x S = {x 1 , x 2 , x S 3 }. On the sea bottom (not necessarily a horizontal plane), we measure the EM wavefield reflected by the earth geology at the sea bottom (see Figure 1 , left). We assume that there exists a horizontal plane at x 3 = x obs 3 between the source level and the sea bottom. It is assumed that the sea water is homogeneous with complex permittivityε and real constant permeability µ. In this domain, outside the sources, the electromagnetic fields satisfy Maxwell's equations
For very low frequencies, we may neglect the displacement currents. Then, we may writeε ≈ σ/s, where σ denotes the electrical conductivity, which is assumed to be frequency independent within the frequency band of operation.
A first step in the processing of electromagnetic CSEM data is the decomposition of the data into constituents that represent up-going and down-going wavefields. At some horizontal level above the sea bottom and below the plane x 3 > x S 3 ( Figure 1, left) , the EM wavefield may be written as a superposition of up-and down-going wavefields, viz.,
A proper linear combination of the electric-field signals and the magnetic field signals leads to a mechanism for selecting the up-going and down-going EM wavefields [2] . In seismics, the determination of the up-going wavefield is known as deghosting [3] . In the up-going wave field, some "reverbations" caused by the presence of the sea surface are still present. In analogy with seismics [3] , we denote them as sea surface multiples. 
REMOVAL OF SEA SURFACE MULTIPLES
We start with the propagation invariant at our observational level, x 3 = x obs 3 . Since there are no electromagnetic sources below the horizontal level x 3 > x S 3 and assuming that the earth geology is spatially invariant, the electromagnetic field reciprocity theorem [4] , Chapter 28, yields
in which {Ê A ,Ĥ A } and {Ê B ,Ĥ B } are two admissible electromagnetic states. Writing these fields as a superposition of up-and down-going wavefields and noting that only waves travelling in opposite direction contribute, Eq. (3) becomes
and
Subsequently, we let State A to be a desired wavefield in a configuration where the sea surface has been removed. We denote this wavefield as the reflected wavefield {Ê r ,Ĥ r }. This is the wavefield that exists in absence of the sea surface and is up-going at the observational plane (see Figure 1 , right). The pertaining incident wavefield, that generates the reflected wavefield, is denoted as {Ê i ,Ĥ i }. This incident field is down-going at the observational plane. State B is the actual wavefield including the sea surface multiples (Figure 1 , left) and it consists of an up-going wavefield {Ê up ,Ĥ up } and a down-going wavefield {Ê down ,Ĥ down }. Substituting these states into Eq. (4) we obtain
This equation which is the fundament for our further discussions, holds independently of the nature of the geology. In addition, it holds for any choice of the incident wavefield {Ê i ,Ĥ i } with source position x Sr and its corresponding reflected wavefield {Ê r ,Ĥ r }. In order to indicate the different source positions x S of the actual field and x Sr of the desired sea-surface free wavefields, we write Eq. (6) as
where
. The right-hand side of this equation is known. In the left-hand sideĤ down is known, whileÊ r is unknown. For each x Sr , we have two unknown functions, viz. the two horizontal componentsÊ r 1 (x|x Sr ) andÊ r 2 (x|x Sr ). Unfortunately, for each source located at x S , we have one equation. We therefore need either an extra set of measurements using a different source orientation, e.g., that one data set is obtained with an electric dipole source oriented in the x 1 direction, while an other data set is obtained with an electric dipole dipole oriented in the x 2 -direction. Let us consider that the field quantities in the first measurement setup are denoted by the superscript I, while the field quantities in a second measurement setup are denoted by the superscript II. Then, we end up with a system of two equations for the two unknownsÊ r 1 andÊ r 2 , viz.,
We remark that, in practice, we only deal with a finite set of measurements points. We therefore approximate the integrals by finite summations. After choosing the source point x Sr , the x-and x S -points should be chosen symmetrically located around x Sr . We further note, by using the reciprocity of Eq. (5) that in a similar way we can obtain a system of equations forĤ r . More details can be found in [6] .
We remark that, for the 2D acoustic problem, a reciprocity theorem of the type of Eq. (7) is derived [5] for the purpose of removal of sea surface multiples from marine seismic time-space data. Further, in [7] , the interferometry theorem is proposed as a tool for removing the effect of the sea surface. It is equivalent to our reciprocity theorem, if we keep the actual source type and the desired source type the same. The strong advantage of the use of our reciprocity theorem is that we may choose any type of source as desired source, to arrive at the desired reflected wavefield. In this way one is able to investigate the polarization sensitivity of the geology under consideration.
CHOICE OF ELECTROMAGNETIC SOURCES
Although in [7] a 2D scalar example has been considered in detail with one electric line source parallel to a horizontally layered configuration, in the general 3D setup, measurements with two different types of EM sources are needed, such that, in the actual configuration both transversal 3D electric waves (TE-case, no electric field in the vertical direction) and 3D transversal magnetic waves (TM-case, with no magnetic field in the vertical direction) are present. In the desired configuration, the type of EM source can be arbitrarily chosen, with both its spatial layout and its temporal signal. This feature has a very large impact for CSEM processing. In particular, a first choice of the desired configuration will be one with a vertical magnetic dipole source. In this desired configuration mainly TE waves will occur, while TM waves only arise if lateral inhomogeneities of the subsurface are present. Alternatively, a second choice of the desired configuration will be one with a vertical electric dipole source. Then, mainly TM waves will occur, while TE waves only arise if lateral changes of the subsurface are present.
In addition, in a horizontally layered configuration, the TM wave is very sensitive to differences in conductive layers, while the TE wave is rather insensitive to difference in conductive layers.
To illustrate this, we take the example of [7] (see Figure 2) , and we compute the full 3D electromagnetic wavefield at the receivers for a vertical magnetic-dipole source and for a vertical electric dipole source, respectively. In the present configuration under investigation, the vertical magnetic dipole generates only TE-waves, while the vertical electric dipole generates only TMwaves. To investigate the sensitivity of the hydrocarbon reservoir layer, we also compute the responses in absence of the reservoir layer by putting σ reservoir = 0.5 S/m. In Figure 3 , for a vertical magnetic dipole source, we have plotted the vertical magnetic field component,Ĥ 3 , both for the configuration in presence of the reservoir layer (dashed blue curve) and in absence of the reservoir layer (solid red curve). For the configuration with the sea surface, we observe from the left-hand side plots of Figure 3 that the presence of the reservoir is not visible. After removing the sea surface, we observe from the right-hand side plots of Figure 3 some very small differences due to the presence of the reservoir. Subsequently, we have computed the vertical electric field component,Ê 3 , generated by a vertical electric dipole. These results are plotted in Figure 4 . Both in the configuration with the sea surface and in the configuration without the sea surface, the presence of the reservoir is significant detectable, which shows the (well-known) sensitivity of the TM-waves. It is therefore advocated to carry out the reciprocity based sea-surface removal procedure with a vertical electric dipole source as desired source in the desired configuration where the sea surface has been removed.
CONCLUSIONS
We have developed a method to remove the effects of the sea surface from CSEM data measured at the sea bottom. In general, measurements of the electric and magnetic field tangential to the sea bottom are needed to decompose the EM field into up-and down going wavefields. At an observational horizontal level above the sea bottom, a reciprocity theorem has been derived to remove the sea surface effects completely. This theorem becomes operational once the CSEM surveys encompasses measurements for two independent types of EM sources. In the configuration without the sea surface, we are free to choose the source type. For an Earth with some horizontally layering, it is advocated to choose the vertical electric dipole as source, so that the TM-waves prevail in the sea-surface-free configuration. This procedure facilitates an enhanced interpretation of the difference in conductivity in the Earth and detection of a hydrocarbon reservoir.
